Myxofibrosarcoma is a common mesenchymal malignancy with complex genomics and heterogeneous clinical outcomes. Through gene-expression profiling of 64 primary high-grade myxofibrosarcomas, we defined an expression signature associated with clinical outcome. The gene most significantly associated with disease-specific death and distant metastasis was ITGA10 (integrin-α10). Functional studies revealed that myxofibrosarcoma cells strongly depended on integrin-α10, whereas normal mesenchymal cells did not. Integrin-α10 transmitted its tumorspecific signal via TRIO and RICTOR, two oncoproteins that are frequently co-overexpressed through gene amplification on chromosome 5p. TRIO and RICTOR activated RAC/PAK and AKT/mTOR to promote sarcoma cell survival. Inhibition of these proteins with EHop-016 (RAC inhibitor) and INK128 (mTOR inhibitor) had anti-tumor effects in tumor-derived cell lines and mouse xenografts, and combining the drugs enhanced the effects. Our results demonstrate the importance of integrin-α10/TRIO/RICTOR signaling for driving myxofibrosarcoma progression and provide the basis for promising targeted treatment strategies for patients with high-risk disease.
Introduction
Myxofibrosarcoma is one of the most common histologic types of soft tissue sarcoma in adults, typically occurring in the extremities. Formerly known as a myxoid variant of malignant fibrous histiocytoma (a classification representing undifferentiated pleomorphic sarcomas), myxofibrosarcoma is currently regarded as a distinct fibroblastic/myofibroblastic tumor type defined by cellular pleomorphism, a curvilinear vascular pattern, and a myxoid stromal component (1) (2) (3) . While the mainstay of therapy is surgical resection, and 5-year disease-specific survival (DSS) after surgery for primary high-grade myxofibrosarcoma is 60-70%, approximately 30-40% of high-grade tumors metastasize to lung, bone, or lymph nodes (4) (5) (6) (7) . Once myxofibrosarcoma has metastasized, conventional chemotherapy and radiation therapy are largely palliative, and metastasis eventually leads to disease-related death.
Prior genomic studies of myxofibrosarcoma have revealed no single characteristic genetic alteration; instead, single-nucleotide polymorphism (SNP) and array comparative genomic hybridization (CGH) studies have shown that myxofibrosarcoma is among the most highly complex sarcoma types (8) (9) (10) . The gene most commonly mutated was NF1, mutated in 10.5% of myxofibrosarcomas. The most common copy number gain/amplification was on 5p, occurring in 60% of myxofibrosarcomas (8) . Among the genes in this amplicon, TRIO, SKP2 and AMACR were shown to be overexpressed and SKP2 and AMACR were found to be potential oncogenes in myxofibrosarcoma (11, 12) . It remains unclear whether any other genes in the 5p amplicon serve as critical drivers in myxofibrosarcoma. Because of the genetic and karyotypic complexity, defining the molecular pathogenesis underlying metastatic myxofibrosarcoma has been challenging and we still lack targeted therapies against specific oncogenic pathways for this deadly sarcoma (10, 13) .
Integrins are cell-surface receptors that mediate the interaction of cells with the microenvironment through binding to their ligands, extracellular matrix (ECM) proteins. Upon ligand binding, activated integrins promote cellular adhesion and interact directly or indirectly with a number of proteins to initiate cellular signaling for proliferation, migration, and survival (14) . Integrins are heterodimers composed of an alpha and a beta subunit. Some aspects of ECM-integrin signaling are known to be dysregulated in cancers, with promalignant consequences such as promotion of stemness, survival in stressful environments, enhanced angiogenesis, resistance to chemotherapy, and distant metastasis (15) . Although integrins alone do not transform cells, some of the pro-malignant integrins associate with and signal through oncoproteins such as SRC, FAK, and receptor tyrosine kinases (16, 17) .
Integrin-α10, isolated as collagen II-binding integrin from chondrocytes (18) , is the alpha subunit of one of the collagen II-receptor integrins (integrins α1β1, α2β1, and α10β1). Integrin-α10 shows a restricted tissue expression pattern, most abundant in cartilagecontaining tissues but also in fibrous tissues such as the fascia lining skeletal muscle fibers (19) . Integrin α10β1 is known from knockout studies to be essential for growth plate formation during skeletal development (20) . Data are scarce on the role of integrin-α10 in human cancer. Integrin-α10 is overexpressed in primary and metastatic melanoma cells and is associated with melanoma cell migration (21) . In contrast, in several other solid tumors, the downregulation of integrin-α10 is associated with loss of phosphorylated RB and with disease progression (22) . These results suggest that the role of integrin-α10 in human cancer is context-dependent. The role of integrin-α10 in sarcomagenesis remains unknown.
To investigate the molecular basis of myxofibrosarcoma oncogenesis and progression, we undertook gene expression profiling of a well-characterized set of 64 primary untreated high-grade myxofibrosarcomas. Unsupervised clustering identified a subgroup associated with poor clinical outcome. This subgroup had strikingly higher expression of the integrin-α10 gene, ITGA10, and its expression was also independently associated with outcome. We therefore investigated the role of integrin-α10 in myxofibrosarcoma cells, defined the pathways by which it exerts its effects, and tested pharmacological inhibition of these pathways for anti-tumor effects both in vitro and in vivo.
Results

Gene expression profiles define two molecular subtypes of myxofibrosarcoma
U133A microarray data were obtained for 64 primary untreated high-grade myxofibrosarcomas; their characteristics are shown in Supplementary Table S1 . The median tumor size was 8.5 cm, and 81% of tumors were deep. The median percent myxoid component was 75% (range, 10-100%). At a median follow-up of 2.6 years, 22% of the patients had recurred locally, 34% developed metastases, and 27% ultimately died of disease. All patients who died of disease had developed metastases, and all died within 3.5 years of their initial surgery. Unsupervised consensus clustering of the microarray data grouped myxofibrosarcomas into two clusters (Fig. 1A) . Similar myxofibrosarcoma clusters arose in an analysis that also included normal fat and normal muscle tissue, and the normal samples were all well separated from the myxofibrosarcomas (Supplementary Fig. S1A ). Cluster 1 patients showed significantly worse DSS than cluster 2 patients (Fig. 1B) (p=0.021). To further test the importance of this grouping, we performed a multivariate analysis adjusting for tumor size, the most important known clinical predictor in myxofibrosarcoma (4, (23) (24) (25) . Both variables were independent predictors of DSS: tumor size as a continuous variable had a hazard ratio of 1.15 (p=0.010) and cluster 1 vs cluster 2 membership had a hazard ratio of 5.26 (p=0.014).
There were 2366 gene probes differentially expressed (at p<0.001) between the two clusters (Supplementary Table S2 ). Of these 2366 probes, 186 (representing 146 genes) were also significantly associated with DSS at p<0.005 ( Fig. 1C-D ; full list in Supplementary Table   S3 ). For 6 of the top-ranked genes, we re-measured expression by quantitative PCR and validated the associations with survival ( Fig. 1E; Supplementary Fig. S1B ).
To provide biological context to the 146 survival-associated genes, we used the NetBox algorithm (26) to analyze pathways. This algorithm identifies modules of interconnected genes from known human protein-protein and signal transduction pathway interactions. Using the 146 genes as input, NetBox identified 15 pathway modules, which exhibited a stronger degree of connectedness (modularity) than expected by chance ( Fig. 1F ; Supplementary Table S4) . Among the modules with five or more members, gene-annotation analysis with the DAVID tool (27) revealed enrichment for functional annotations related to cell-ECM interactions such as "Focal Adhesion," "Extracellular Matrix," and "Plasma Membrane" (Fig. 1F; Supplementary Table S5 ). The top scoring pathway module, M0, contained an interconnected set of integrins.
Among the 146 differentially expressed genes associated with DSS, the most strongly associated was ITGA10, which encodes integrin-α10 (hazard ratio 2.46, p=0.000003).
ITGA10 mRNA was also significantly associated with distant recurrence-free survival (hazard ratio 3.75; p=0.001; Fig. 1E ). For 5 patients we had samples of metastases as well as the primary tumor; 4 of the 5 had higher ITGA10 mRNA in the metastasis (Fig. 1G ). ITGA10 mRNA was significantly higher in the metastases in a larger set of unmatched samples (p=0.003; Fig. 1G ). Based on these findings, we chose ITGA10 for functional analysis.
Silencing of integrin-α10 induces growth suppression through apoptosis in myxofibrosarcoma cells but not in normal mesenchymal cells
To examine whether integrin-α10 is a driver gene for myxofibrosarcoma, we undertook knockdown studies of integrin-α10 in myxofibrosarcoma cell lines. First we investigated the expression of ITGA10 mRNA in four different cell lines established from myxofibrosarcoma tumor tissues, together with adipose-derived mesenchymal stem cells (ASCs) and three other normal human mesenchymal cell types. Three of the four myxofibrosarcoma cell lines exhibited high ITGA10 mRNA levels compared to any of the normal mesenchymal cells (Supplementary Fig. S2A ). Two independent shRNA constructs knocked down integrin-α10 expression efficiently ( Supplementary Fig. S2B,C) . Both shRNAs robustly suppressed cell growth and induced apoptosis in the myxofibrosarcoma cell lines, but not ASCs, SGBS, or KEL-FIB ( Fig. 2A-C; Supplementary Fig. S2D,E) . Interestingly, knockdown induced growth suppression and apoptosis in all 4 myxofibrosarcoma cell lines, including the one with relatively low ITGA10 expression (MXF8500). Thus, integrin-α10 is required for growth and survival of these myxofibrosarcoma cells but is dispensable for normal mesenchymal-derived cells, indicating that integrin-α10 plays a tumor-specific role.
Forced expression of integrin-α10 enhances cell migration and invasion
To examine the effects of integrin-α10 on metastatic traits, we overexpressed it in SV40-transformed ASCs. As shown in Supplementary Figure S2F ,G, cells overexpressing integrin-α10 exhibited greater migration and invasion through Matrigel than the control cells.
Integrin-α10 regulates the activities of RAC/PAK and AKT in myxofibrosarcoma
To explore the downstream signaling events responsible for the myxofibrosarcoma-specific role of integrin-α10, we examined pathways known to mediate integrin signaling. After knockdown of ITGA10, we observed significant downregulation of the activation of both PAK (T423 phosphorylation) and AKT (S473 phosphorylation) (Fig. 2D) . Activation of SRC and FAK, however, was not consistently affected. To examine the PAK pathway further, we examined its upstream regulator RAC, assessing levels of activated (GTP-bound) RAC by its ability to bind the p21-binding domain of PAK in a pulldown assay. This experiment confirmed that integrin-α10 knockdown inhibited RAC activation (Fig. 2E) . Notably, neither AKT nor PAK was inhibited in ASCs, indicating that these cells do not need integrin-α10 for the activation of AKT and RAC/PAK. Because AKT is an upstream activator of the protein complex mTORC1, we also examined the effects of integrin-α10 silencing on the two major targets of mTORC1, phospho-S6 and phospho-4EBP, and found that the silencing reduced the levels of these phosphoproteins in myxofibrosarcoma cells but not ASCs (Fig. 2D) .
To examine the effects of integrin-α10 on adhesion-dependent signaling in myxofibrosarcoma cells, we compared cells with and without integrin-α10 when plated on collagen II versus in suspension. Plating on collagen II induced activation of FAK, AKT, and PAK, and the integrin-α10 knockdown abolished this activation of AKT and PAK, but not FAK (Fig. 2F) . These results suggest that upon binding to the extracellular matrix, integrin-α10 engages in tumor-specific signaling to activate RAC/PAK and AKT/mTORC1. Because ITGA10 knockdown induced growth suppression and apoptosis in cells that showed no obvious detachment, we hypothesized that the cell death was not caused by loss of adhesion. We therefore directly assessed the effect of ITGA10 knockdown on adhesion to collagen I and collagen II. The ITGA10-knockdown cells adhered to both collagens as efficiently as the control shRNA cells (Supplementary Fig. S3A ). The preserved adhesion in ITGA10-knockdown cells was also confirmed by immunostaining to detect p-FAK and vinculin at focal adhesion sites ( Supplementary Fig. S3B ). Integrin-α10 overexpressed through lentivirus transduction in myxofibrosarcoma cells was consistently found to diffusely localize to the plasma membranes and some lamellipodia, but did not co-localize with vinculin or p-FAK at the typical focal adhesion structures ( Supplementary Fig. S3C ). Thus, high expression of integrin-α10 is not required for myxofibrosarcoma cells' adhesion to the collagen II matrix. In fact, myxofibrosarcoma cells express two other collagen IIbinding integrins, integrin-α1 and integrin-α2, at the cell surface, as detected by FACS (data not shown). To further examine the specific requirement of integrin-α10 on myxofibrosarcoma cell survival signaling through AKT and PAK, we knocked down integrin-α1 and integrin-α2. Knockdown of either integrin-α1 or integrin-α2 did not induce apoptosis and did not inhibit PAK or AKT activation ( Supplementary Fig. S3D,E) . These data demonstrated the specific requirement of integrin-α10 signaling via PAK and AKT for the survival of myxofibrosarcoma cells.
TRIO and RICTOR are overexpressed via DNA amplification in myxofibrosarcoma and physically associate with integrin-α10
To search for genes that might connect integrin-α10 to the activities of RAC and AKT, we analyzed array CGH data from the patients. The recurrent chromosome 5p amplicon (Fig.  3A) contains two genes that appeared relevant, TRIO and RICTOR. TRIO is a guanine nucleotide exchange factor that facilitates the activation of RAC, and RICTOR is an essential component of mTORC2, which is the major kinase for S473 of AKT. In our array CGH data, we found that nearly half of the tumors (27 of 64; 42%) possessed coamplification of TRIO and RICTOR (Supplementary Fig. S4A ). Co-amplification was significantly associated with worse DSS (Supplementary Fig. S4B ). Because U133A arrays lack a probe for RICTOR, we used quantitative PCR to determine RICTOR and TRIO mRNA levels in the 64 myxofibrosarcoma samples. Both RICTOR and TRIO mRNA levels were positively associated with copy number of the genes (Fig. 3B) , and the two mRNAs were correlated with each other (Supplementary Fig. S4C ). Although in the overall study group expression levels of TRIO and RICTOR were not significantly associated with outcomes, for the subset whose tumors had high ITGA10 expression (n=32), high TRIO expression was significantly associated with worse DSS and distant recurrence-free survival, as was combined expression of TRIO and RICTOR ( Fig. 3C; Supplementary Fig. S4D ).
Taken together, these data further support the oncogenic link between integrin-α10 and TRIO/RICTOR (28) . Mirroring our findings in myxofibrosarcoma tissue, we found TRIO and RICTOR amplifications in our myxofibrosarcoma cell lines, and expression of TRIO and RICTOR was increased at both mRNA and protein levels in the four myxofibrosarcoma cell lines compared to the four normal mesenchymal cell types (Fig. 3D,E) .
Given these findings, we hypothesized that integrin-α10 signals through TRIO for the control of RAC and through RICTOR for the control of AKT. We therefore tested whether, following ligand binding, integrin-α10 binds to TRIO and RICTOR. In lysates of MXF8000 cells exposed to collagen II, antibody against integrin-α10, but not control rabbit IgG, precipitated integrin-α10 together with TRIO and RICTOR (Fig. 3F) . Importantly, RAPTOR, a TORC1 component, was not precipitated, further supporting the specificity of the immunoprecipitation. Thus, activated integrin-α10 exposed to ligand forms complexes with TRIO and RICTOR.
TRIO and RAC are required for growth of myxofibrosarcoma cells
To assess the contributions of TRIO and its direct target RAC1 to the integrin-α10-mediated growth signal, we used lentivirus-based shRNA knockdown of TRIO and RAC1 in myxofibrosarcoma cells and ASCs. TRIO knockdown suppressed cell growth and induced apoptosis in myxofibrosarcoma cells but not ASCs (Fig. 4A-C) . TRIO knockdown also decreased phospho-PAK levels strongly in myxofibrosarcoma cells but only modestly in ASCs (Fig. 4D) . A second shRNA, which gave less effective TRIO knockdown, also inhibited phospho-PAK and induced apoptosis, albeit at a later time point ( Supplementary  Fig. S5A ). Two shRNAs against RAC1 decreased levels of both RAC1 and its direct target phospho-PAK ( Fig. 4E; Supplementary Fig. S5B ). RAC1 knockdown induced robust growth suppression ( Fig. 4F ) and apoptosis ( Fig. 4G,H ), indicating that RAC1 is essential for PAK activation and the growth and survival of myxofibrosarcoma cells. In contrast, in normal ASCs RAC1 knockdown induced modest growth suppression but not apoptosis ( Supplementary Fig. S5B ,C), indicating that RAC1 is dispensable for ASC survival. These data support the model where integrin-α10 confers a tumor-specific survival signal in myxofibrosarcoma cells at least in part through TRIO and its effector RAC. Notably, upon knockdown of TRIO, the phosphorylation of AKT at S473 and T308 was inhibited in both of the myxofibrosarcoma cell lines but not in ASCs, while the phosphorylation of ERK was not inhibited in any of the cell types (Fig. 4D ). RAC1 knockdown in myxofibrosarcoma cells similarly inhibited phosphorylation of AKT, as well as inhibiting the phosphorylation of two mTORC1 targets: S6 and 4EBP ( Supplementary Fig. S5D ). These results suggest that myxofibrosarcoma cells, but not normal mesenchymal cells, have positive cross-talk between RAC/PAK and AKT pathways.
RICTOR is essential for activation of AKT and cell growth for myxofibrosarcoma cells, but not ASCs
We next assessed the role of RICTOR in the integrin-α10-mediated myxofibrosarcoma survival signal. RICTOR knockdown induced substantial growth suppression and apoptosis in myxofibrosarcoma cell lines, but not in ASCs ( Fig. 5A-C) , similar to the integrin-α10 knockdown phenotype. RICTOR knockdown in myxofibrosarcoma cell lines reduced phosphorylation of AKT at S473 (Fig. 5D , middle and right panels). RICTOR knockdown also reduced phosphorylation of mTORC1 targets S6 and 4EBP, indicating that RICTOR/ mTORC2 controls mTORC1 activity in myxofibrosarcoma cells. In addition, RICTOR knockdown in myxofibrosarcoma cells downregulated phospho-T308 AKT, which is not a direct phosphorylation target of mTORC2, suggesting that RICTOR may regulate AKT partly through an mTOR-independent mechanism. Interestingly, although the extent of RICTOR knockdown was similar in normal ASCs and myxofibrosarcoma cells, knockdown in ASCs had little effect on phospho-S473 and phospho-T308 AKT, suggesting that RICTOR has no major role in AKT phosphorylation in normal mesenchymal stem cells. Furthermore, RICTOR knockdown in myxofibrosarcoma cells inhibited phosphorylation of PAK, which suggests tumor-specific cross-talk between the pathways under integrin-α10 is bi-directional.
To further test requirement for mTOR complexes, we knocked down SIN1, another essential component of mTORC2, and RAPTOR, an essential mTORC1 component. Both shRNAs against SIN1 induced growth suppression through apoptosis (Fig. 5E,F) . In contrast, RAPTOR knockdown, did not cause cell death in myxofibrosarcoma cells ( Supplementary  Fig. S6A-B ). These results demonstrate the specific requirement of mTORC2 for myxofibrosarcoma survival.
Constitutively active RAC, PAK, and AKT rescue ITGA10 knockdown-induced growth suppression and apoptosis
We next tested whether RAC1 and AKT activation can fully account for the effects of integrin-α10 on myxofibrosarcoma cell growth and survival. To do this, we tested for rescue of integrin-α10 knockdown by constitutively active mutants of RAC1 (RAC1-L61), PAK (PAK1-T423E), and AKT (Myr-AKT). MXF8000 cells were infected with lentivirus carrying either vector control or one of the constitutively active mutants, then infected with lentivirus carrying shRNA against integrin-α10. As expected, cells with control vector plus ITGA10 shRNA underwent growth suppression and apoptosis. Expression of RAC1-L61, and to a lesser extent, expression of Myr-AKT, rescued integrin-α10-silenced cells from the apoptosis and the growth suppression (Fig. 6A,B) . Expression of PAK1-T423E completely rescued the integrin-α10-silenced cells from apoptosis and mostly rescued them from growth suppression (Fig. 6A,B right panels) . These data suggest that active RAC1 and PAK1 are sufficient to provide a survival signal.
Pharmacologic inhibitors of RAC and mTORC inhibit growth of myxofibrosarcoma cells in vitro
We further examined the importance of TRIO/RAC and RICTOR for the survival of myxofibrosarcoma cells by using pharmacologic inhibitors.
To inhibit RAC activation by TRIO, we used two drugs: first, NSC27366 (29) , which blocks the binding of RAC to guanine exchange factors, including TRIO; second, EHop-016, a newly-developed derivative of NSC27366 with 100-fold lower IC 50 towards RAC1 (30) . NSC27366 and EHop-016 each robustly suppressed growth of MXF8000 cells (Fig. 6C) . After 48 hours of treatment at the higher drug concentrations, cells were completely eliminated. Supporting our observation of cross-talk between RAC/PAK and AKT pathways, EHop-016 inhibited AKT activation and slightly inhibited mTORC1 ( Supplementary Fig.  S7A ). Detection of annexin-V-positive cells and cleaved caspase-3 ( Fig. 6D,E) confirmed that a cause of the growth suppression was induction of apoptosis. In ASCs, treatment with either NSC23766 or EHop-016 exhibited cytostatic effects ( Supplementary Fig. S7B ). This growth inhibition may be explained by fact that NSC23766 and EHop-016 inhibit RAC2 and RAC3 as well as RAC1 (30, 31) . IPA3, a specific inhibitor of PAK, also induced growth suppression and apoptosis in a dose-dependent manner in myxofibrosarcoma, while it showed modest anti-proliferative effects in ASCs ( Fig. 6C-E; Supplementary Fig. S7B,C) . Thus, both pharmacological inhibition and knockdown experiments indicate that TRIO/ RAC1 activities are required for the growth of myxofibrosarcoma cells.
To inhibit mTORC2, we used a selective mTOR kinase inhibitor, INK128 (MLN0128). The treatment of myxofibrosarcoma cells with INK128 for 48 or 96 hours caused dosedependent growth suppression and induced complete growth arrest by 7 days of treatment ( Fig. 6C and data not shown) . However, INK128 did not induce apoptosis even at the highest dose (Fig. 6D) . This is consistent with our results with Myr-AKT, which showed that activated AKT in ITGA10-silenced myxofibrosarcoma cells partially restored cell growth and only modestly suppressed apoptosis (Fig. 6A,B) .
The fact that RICTOR knockdown affects apoptosis whereas mTOR kinase inhibition does not suggests that RICTOR has an mTOR kinase-independent role in myxofibrosarcoma cell survival. To investigate this further, we checked the effect of INK128 on the activity of various kinases by western blot. We confirmed that INK128 reduced phosphorylation of AKT at S473 to a similar extent as we observed with RICTOR knockdown ( Supplementary  Fig. S7D ). As expected, INK128 also caused complete inhibition of mTORC1 kinase activity, as detected by phospho-S6 and phospho-4EBP. However, unlike RICTOR knockdown, INK128 treatment did not change the level of phospho-PAK or of phospho-AKT at T308. These results suggest that RICTOR plays an additional role in the survival of myxofibrosarcoma cells independent of mTOR-kinase activity, perhaps through the regulation of PAK and AKT phosphorylation at T308.
mTOR inhibition sensitizes myxofibrosarcoma cells to RAC inhibitors
Because integrin-α10 exerts its tumor-specific growth signal through both RAC and mTORC2, we hypothesized that inhibitors of RAC and mTORC2 may have cooperative effects in myxofibrosarcoma cells. MXF8000 cells were treated with increasing doses of EHop-016 with and without INK128 at 150 nM. EHop-016 alone efficiently inhibited cell growth with an IC 50 of 2.3 μM, and in the presence of INK128 the IC 50 of EHop-016 was reduced to 0.66 μM (Fig. 6F) . A similar effect was observed with a PAK inhibitor, IPA-3, whose IC 50 was reduced from 9.5 μM as single agent to 2.9 μM in the presence of INK128 (Supplementary Fig. S7C ). In addition, the combination of low-dose EHop-016 (2 μM) and INK128 resulted in significantly more apoptosis than either agent alone (Fig. 6G) . These results suggest that simultaneous targeting of RAC and mTORC can achieve more efficient growth inhibition and cytotoxicity.
EHop-016 and INK128 suppress myxofibrosarcoma primary and metastatic tumor growth in mouse xenografts
We next investigated the effects of EHop-016 and INK128, alone and in combination, on myxofibrosarcoma cells xenografted into NSG mice. The myxofibrosarcoma cell line MXF8000 is tumorigenic through subcutaneous injection in NSG mice. Treatment with EHop-016 (either 15 mg/kg or 20 mg/kg twice daily by oral gavage) or INK128 (1 mg/kg daily by oral gavage) significantly inhibited tumor growth compared to the vehicle control (Fig. 7A,B) . The combination of low-dose EHop-016 (15 mg/kg) and INK128 (1 mg/kg) produced still greater inhibition of primary tumor growth.
To test the efficacy of these drugs on myxofibrosarcoma metastasis, mice were injected through the tail vein with MXF8000 cells bearing a TGL reporter construct and monitored for tumor outgrowth in the lung by bioluminescent imaging. Either EHop-016 or INK128 alone significantly suppressed the lung metastasis over the time of the treatment, and again the combination of EHop-016 and INK128 more substantially inhibited the metastatic tumor growth compared to either drug administered alone (Fig. 7C) . None of the treatments showed major signs of toxicity ( Supplementary Fig. S8 ).
Discussion
In myxofibrosarcoma, the development of targeted therapies has been hampered by the diversity of genomic alterations and the difficulty of distinguishing driving alterations from the vast array of passenger events. To address this problem, we performed an integrated genomic analysis of gene copy number profiles and the transcriptome derived from 64 cases of high-grade myxofibrosarcoma and functional studies in representative patient-derived myxofibrosarcoma cell lines. These analyses identified a previously unknown but critical role of integrin-α10 for tumor growth and survival. We found that integrin-α10 acts in association with TRIO and RICTOR, which are co-amplified on 5p and overexpressed in about 50% of myxofibrosarcomas. The exquisite dependency of myxofibrosarcoma cells but not normal mesenchymal cells on integrin-α10/TRIO/RICTOR signaling circuitry represents a tumor-specific vulnerability and a promising therapeutic target, since inhibiting this circuitry can interfere with myxofibrosarcoma tumor growth and survival with minimum toxicity to normal tissues.
The most common cause for death in patients with high-grade myxofibrosarcoma is lung metastases, which occur in about 30% of patients. Presently, there are no widely used molecular predictors of distant recurrence and survival for high-grade myxofibrosarcoma patients. However, our unsupervised clustering analysis subdivided high-grade myxofibrosarcoma into two groups that differ significantly in DSS. This molecular subgrouping can be used to identify high-risk patients who might need more intense followup and/or treatment with neoadjuvant chemotherapy. The differentially expressed genes had a striking concentration of genes related to cell-ECM adhesion and cytoskeletal remodeling, including ITGA10 as the gene most significantly associated with disease-specific and metastasis-free survival. The relationship between ITGA10 expression and metastasis is also supported by the higher ITGA10 expression in metastases than in primary tumors, including in matched samples.
Our model for the tumor-specific signaling of integrin-α10 is shown in Figure 7D . Through genomic analysis and knockdown and biochemical studies, we demonstrate that integrin-α10 signals through TRIO to RAC and is required for PAK activation in myxofibrosarcoma cells but not in normal mesenchymal cells. This pathway is required for proliferation and survival in myxofibrosarcoma cells. By the same means, we found that integrin-α10 signals through RICTOR (in the mTORC2 complex) and that both integrin-α10 and RICTOR are required for activation of AKT and mTORC1. Integrin-α10, TRIO, RICTOR, and RAC all promote cell proliferation and transmit a pro-survival signal in myxofibrosarcoma cells but not in normal cells. Finally, constitutively active RAC, PAK, and AKT rescue the growth inhibition and apoptosis caused by integrin-α10 knockdown, demonstrating that much of integrin-α10's pro-growth and pro-survival functions are carried out through these proteins. Altogether, these results uncover the novel role for integrin-α10 as a critical driver in myxofibrosarcomagenesis by controlling TRIO/RAC/PAK and RICTOR/mTORC2 pathways in a tumor-specific fashion.
Some pro-malignant integrins are known to collaborate with oncogenes, such as RAS, PI3K-AKT, SRC, FAK, MET, and ERBB2, to drive tumor initiation, invasion, or systemic dissemination (14, 15, 17, 32) . Integrin-mediated signaling generally requires activation of focal adhesion kinase (FAK) and SRC family kinases (14) . Interestingly, however, our results indicate that integrin-α10 does not significantly regulate FAK or SRC in myxofibrosarcoma cells. Consistent with this, we found that high dosages of the SRC kinase inhibitor dasatinib modestly inhibited myxofibrosarcoma cell growth but did not induce apoptosis (data not shown). Integrin-mediated signaling is also known to engage in crosstalk with MET, and MET is overexpressed in a subset of myxofibrosarcomas (33) . Nevertheless, integrin-α10 in myxofibrosarcoma does not seem to exert its tumorigenic effects through MET, as the MET inhibitor crizotinib was not anti-proliferative or proapoptotic (data not shown). Moreover, integrin-α10 is not essential for adhesion to collagen II nor for formation of focal adhesions, which typically have concentrations of vinculin and p-FAK. Presumably ITGA10-silenced cells can adhere using other collagen II-receptor integrins, specifically α1β1 and α2β1, both of which are expressed in myxofibrosarcoma cells (data not shown). This is consistent with the fact that Itga10 knockout chondrocytes adhere to collagen II to the same extent as wild-type cells (20) . However, integrin-α10 seems to be indispensable in mediating signaling towards RAC/PAK and AKT via complex formation with TRIO and RICTOR.
RAC is known to be significant in initiation and progression of cancers, and it is hyperactivated in a number of cancer types (34) . Most commonly, RAC hyperactivation occurs through the activation of guanine exchange factors (which positively regulate RAC) or the inactivation of GTPase activating proteins (which negatively regulate RAC) (35) . In myxofibrosarcoma, RAC activity is essential, while normal mesenchymal cells can survive without RAC1 or its guanine exchange factor TRIO. This dependency is presumably a consequence of TRIO gene amplification and overexpression and/or TRIO activation by integrin-α10. TRIO, an oncogenic guanine exchange factor for Rho-GTPases, can transform normal fibroblasts and is overexpressed in several cancers. TRIO plays an essential role in oncogenic Galpha(q) signaling in cervical cancer and uveal melanoma (36) . TRIO also promotes cancer cell motility as part of the NOTCH and ABL signaling axis in colorectal cancer (37) . In our study, blocking TRIO's ability to activate RAC with NSC23766 or EHop-016 resulted in prominent growth inhibition and cytotoxicity in myxofibrosarcoma cells. These effects occurred at dosages that suppress RAC but not CDC42, a closely related Rho GTPase. Furthermore, EHop-016 revealed significant anti-tumor activity for both subcutaneous primary tumors and lung metastasis after tail vein injection. These results, together with reports that RAC inhibitors of this class have pre-clinical efficacy against several tumor types (38, 39), further support the idea of targeting the TRIO/RAC axis. EHop-016 seems particularly promising for further development, since in mice it has 26% to 40% oral bioavailability and linear pharmacokinetic profiles (40) . Alternatively, the pathway could be targeted with PAK inhibitors, such as IPA-3.
Like RAC and TRIO, RICTOR has been implicated in several cancers (41) (42) (43) (44) . A tumorspecific function of RICTOR was demonstrated in studies using knockout mice; RICTOR was shown to be dispensable for normal prostate development but essential for the development of PTEN-loss-induced prostate cancer (41) . In breast cancer, RICTOR is required for ERBB2-driven tumor growth through its activation of AKT and mTORC1 (42) . In both prostate and breast cancer cells, RICTOR's tumor-specific function is associated with its regulation of AKT phosphorylation at T308 as well as S473, both of which are required for mTORC1 activity in transformed cells. Similarly, in myxofibrosarcoma cells, we demonstrated that RICTOR is required for AKT phosphorylation at T308 and S473 as well as for mTORC1 activity. However, RICTOR knockdown also induced apoptosis, whereas inhibiting mTORC1 and mTORC2 with INK128 did not, suggesting that RICTOR has a pro-survival function independent of its phosphorylation of AKT. This function might be through the regulation of RAC/PAK, because RICTOR knockdown, but not INK128, suppresses phospho-PAK. This idea of crosstalk between RICTOR and RAC/PAK is consistent with reports demonstrating that RICTOR promotes RAC activity through negative regulation of RhoGDI2 or positive regulation of PREX1, a guanine exchange factor for RAC; these events promote cell migration (45, 46) . In another instance of crosstalk between the two pathways, RAC and PAK are involved in activation of AKT and mTORC1 (47, 48) . Similarly, we observed that TRIO or RAC1 knockdown significantly affects the activation of AKT in myxofibrosarcoma, though not in normal mesenchymal stem cells.
Inhibition of RICTOR/mTOR signaling using INK128 yielded significant anti-proliferative effects in vitro and in mouse models of myxofibrosarcoma. Although INK128 alone does not induce apoptosis in myxofibrosarcoma in vitro, it increases EHop-016-induced growth inhibition and potentiates the cytotoxicity of low-dose EHop-016. The reduced dose of EHop-016 required in the presence of INK128 would help reduce any adverse effects on normal cells. INK128 as single agent showed efficient anti-tumor effects in vivo for primary tumor growth as well as lung metastases. Indeed, INK128 has demonstrated anti-tumor effects against various sarcoma models, including rhabdomyosarcoma and Ewing sarcoma xenografts and liposarcoma cell lines (49) . It is currently in phase II clinical trials for several cancers. Our data suggest that patients with myxofibrosarcomas at high risk for metastasis could benefit from INK128. Importantly, the anti-tumor effects on both primary tumor and lung metastases were greatest with the combination of EHop-016 and INK128, supporting our hypothesis that integrin-α10-mediated TRIO/RAC signaling and RICTOR signaling represent promising therapeutic targets. These results have led to the inclusion of MYXF/ PMFH patients in an ALLIANCE-sponsored phase I/II study of INK128 (MLN0128) vs. pazopanib in patients with advanced sarcoma.
Integrin-α10 itself is an attractive therapeutic target. In adults its expression is restricted to cartilage, limiting the risk of toxicity of integrin-α10-targeted agents (19) . No direct inhibitor for integrin-α10 is currently available. However, because integrin-α10 is on the cell surface, it could plausibly be targeted using chimeric antigen receptor T-cell immunotherapy (50) or agents that interfere with integrin-α10's ligand binding, such as a ligand-mimetic peptide or a monoclonal antibody against its I-domain (51) .
Altogether, this study shows that integrin-α10 plays a pivotal role for pathogenesis of myxofibrosarcoma via tumor-specific control of TRIO/RAC and RICTOR signaling and thus uncovers novel possible therapeutic options to treat patients with aggressive or metastatic myxofibrosarcomas.
Methods
Patients
The study cohort was drawn from patients operated on for high-grade untreated primary myxofibrosarcoma at Memorial Sloan Kettering Cancer Center (MSKCC) between January 2002 and March 2011. We screened all patients with untreated primary tumors diagnosed as either myxofibrosarcoma or malignant fibrous histiocytoma who gave consent for tissue banking (N=106). Every case was reviewed by a sarcoma pathologist (N.A) and assigned a percent myxoid component; 36 tumors were excluded for having <10% myxoid component or insufficient slides to assess myxoid component. All patients that met these criteria and had enough banked RNA-quality tissue were included in this study (n=64). The study was approved by MSKCC's institutional review board (protocol #02-060) and was conducted in accordance with the Declaration of Helsinki. All patients gave informed consent. Data for each patient on diagnosis, treatment, time to local/distant recurrence, and survival were retrieved from a prospectively maintained database.
RNA isolation and microarray analysis
RNA was isolated from tumor tissues as described (52) . Briefly, tissues from cryomolds were reviewed by a sarcoma pathologist (N.A.), and areas of necrosis or normal tissue were removed by macrodissection. The tumor tissues were lysed in Qiazol lysis reagent and homogenized using Mixer Mill MM 300 (Retsch). RNA was purified using the RNeasy Lipid Tissue Mini kit (Qiagen). For tissue culture cells, total RNA was extracted using RNeasy kit (Qiagen). cDNA preparation and U133A microarray analysis were performed as described (53) . The microarray data are available from GEO (accession number GSE72545).
Statistical Analysis
Affymetrix U133A microarray data for 118 myxofibrosarcoma arrays (including the 64 high-grade myxofibrosarcomas that were the focus of this study), 22 normal fat arrays, and 11 normal muscle arrays were preprocessed using the RMA method as implemented by the just.rma function in the R affy package (54) . Preprocessed data from the 64 high-grade myxofibrosarcoma arrays with and without the data from the normal fat and muscle arrays were then subjected to clustering using the consensus clustering method (55) , which uses bootstrapping to create repeated random samples of the data, calculates the frequency of coclustering between each array pair across the bootstrap samples, and then uses one minus the co-clustering frequency as the distance measure and the Ward link function for clustering the arrays. The identified myxofibrosarcoma clusters were compared with clinical outcomes using the Kaplan-Meier curve and Cox proportional hazards regression. Signature genes for the clusters were selected by comparing the expression level of each gene between the clusters using the LIMMA method (56) and a stringent p-value cutoff of 10 −6 (to account for the fact that the clustering was based on the same microarray data). The association between the gene expression (as a continuous variable) and DSS was evaluated using the Cox proportional hazards regression and the score test (57) . A p-value cutoff of 0.005 was used to select significant prognostic gene probes. Among the 2366 probes that distinguish the two clusters, about 12 probes are expected to have such a small p-value just by chance. Expression was dichotomized at the median (for ITGA10) or at the upper quartile (for TRIO and RICTOR) for generating Kaplan-Meier curves. On the experimental studies, data are presented as mean ± standard deviation. Student's t-test (unpaired, two-tailed) was used to compare two groups for independent samples.
Pathway and Gene Annotation Analysis
Genes that were both part of the cluster signature and associated with DSS (146 genes) were analyzed with the NetBox algorithm using default parameters: Human Interaction Network, shortest path length of 2, and an FDR-adjusted p-value threshold for linker gene inclusion of 0.05 (26) . The identified modules with five or more members were analyzed individually for functional annotation enrichment with the DAVID tool (27) .
Copy Number Analysis
Copy number was analyzed by array CGH in tumor tissue from the 64 study patients. Preparation of DNA, analysis on Agilent 244K or 1M arrays, and data analysis were as described (58) . For each gene of interest, copy number change was called as −2, −1, 0, 1, or 2 (deletion, loss, no change, gain, amplification). Association between copy number and mRNA level was assessed by Kruskal-Wallis rank-sum test.
Cell Culture and Reagents
Following guidelines in IRB-approved protocol 02-060, primary myxofibrosarcoma cell lines (MXF8500, MXF2734, MXF8000, and MXF9100) were derived during 2004 to 2011 from fresh human primary myxofibrosarcoma tumor samples using collagenase digestion and established in cell culture. Array CGH was performed on all primary cell lines and compared to array CGH performed on the human tumor tissue from which they were derived so as to verify that the copy number alterations in the cell lines were representative of those found in the original tumor samples. The cell lines were last tested in 2014.
Adipose-derived stem cells (ASCs) were a generous gift from Dr. Jeffrey M. Gimble, and SGBS cells were a generous gift from Dr. Martin Wabitsch. Umbilical cord-derived human mesenchymal stem cells and human dermal fibroblast cells (KEL-FIB) were from ATCC. All cells were grown in a 50:50 mixture of Dulbecco's modified Eagle's medium (DMEM) high glucose and F12 medium (DMEM HG/F12) with 10% fetal bovine serum, 2 mM Lglutamine, 100 units/mL penicillin, and 100 μg/mL streptomycin and maintained in a 37°C incubator with 5% CO 2 . Collagen I was from Sigma and collagen II from Millipore. NSC23766 and INK128 were obtained from Cayman, EHop-016 from Millipore and Selleckchem, IPA3 from Tocris.
Lentiviral transduction for shRNA and gene expression
Human pLKO.1 lentiviral shRNAs were from Thermo Scientific Open BioSystems. The clones used were as follows: ITGA10 (TRCN0000057725, TRCN0000057726), ITGA1  (TRCN0000057748, TRCN0000057749), ITGA2 (TRCN0000057731, TRCN0000308081),  TRIO (TRCN0000010561, GIPZ, V2LHS_1430), RAC1 (TRCN0000318430,  TRCN0000318375, TRCN0000004870), RICTOR (TRCN0000074288, TRCN0000074289,  TRCN0000074290), SIN1 (TRCN0000003152, TRCN0000003153), RAPTOR  (TRCN0000039770, TRCN0000039772 ). Viral particles were generated in HEK293T cells (ATCC) as described (53) . HA-RAC1 was subcloned into pLOC (Open Biosystems), and the constitutively active mutation (Q61L) was introduced by QuickChange Site-Directed Mutagenesis (STRATAGENE). Myristoylated HA-tagged AKT1 was subcloned from pCDH-Myr-AKT1-puro (addgene) into pLOC (Open Biosystems). PAK1T423E was obtained from addgene (#12208) and subcloned into pLOC. The lentivirus construct bearing ITGA10 (pLV151) was from Genecopoeia.
Cell proliferation and apoptosis
Cell proliferation was assessed in sextuplicate cultures using Resazurin dye (Acros Organics) or CyQuant Cell Proliferation Kit (Invitrogen) as described (52, 59) . Resazurin (50 μM) was added to each well at the time points noted, and plates were incubated at 37°C for 24 hours, then subjected to measurement of fluorescence (excitation/emission 555/585 nm). Plates were read using SoftMax Pro v5.4.1 software and the SpectraMax M4 plate reader (Molecular Devices). Evaluation of apoptosis was carried out in triplicate cultures using Muse Annexin V and Dead Cell Assay kit (Millipore) following the manufacture's protocol on the MUSE cell analyzer (Millipore).
Migration and Matrigel invasion
Cells were trypsinized, resuspended in serum-free medium, and then applied to transwell inserts (8-μm pore size, BD Falcon) in 24-well plates. Inserts were either non-coated (migration assay) or coated with 5 μg of Matrigel (invasion assay). Serum-containing medium was placed in the bottom chamber. Eighteen hours later, cells that had reached to the bottom were fixed, stained with crystal violet, and counted.
Western Blotting
Cells were lysed in high SDS lysis buffer (2.5% SDS, 62.5 mM Tris-HCl pH 6.8, 10% glycerol) and immediately boiled to denature proteins. Protein concentration was determined using the DC Protein Assay (BioRad Laboratories). Cell lysate was resolved on a NuPAGE Novex 3-8% Tris-acetate gel or 4-12% Bis-Tris gel (Invitrogen) in the XCell SureLock MiniCell (Invitrogen), and then transferred to nitrocellulose membrane (Millipore). Membranes were blocked and incubated with antibodies in Starting Block T20 (Thermo Scientific).
We generated the anti-integrin-α10 mouse monoclonal antibody using as immunogen a peptide sequence within the predicted ligand-binding surface of the I-domain (avoiding sequence shared with ITGA1 and 2) (NeoBio). The commercial antibodies and sources are listed in Supplementary Table S6 .
Biochemistry
For the co-immunoprecipitation and collagen II-induced signaling experiments, MXF8000 cells were detached using enzyme-free detachment medium (Gibco) and kept in suspension in serum-free medium with 2% BSA for 30 min, then replated on dishes pre-coated with collagen II (Millipore) at 10 μg/ml. Cells were harvested three hours later (for immunoprecipitations) or at the times indicated in the figure. For immunoprecipitations, total lysates were prepared in lysis buffer (20 mM Tris-HCL, 150 mM NaCl, 1% Triton-X100, 5 mM MgCl 2 , 1 mM EDTA, proteinase inhibitor cocktail [SIGMA] , and phosSTOP tablet [Roche]). Lysate was subjected to immunoprecipitation using anti-integrin-α10 (AB6030) or rabbit IgG (SIGMA), then immunocomplexes were subjected to Western blotting using anti-integrin-α10 monoclonal antibody (Neobio).
GTP-RAC was assessed using a GST-PBD pulldown assay as described (60) .
Collagen adhesion
Cells were detached using enzyme-free detachment medium (Gibco), then resuspended in serum-free medium with 2% BSA. Fifteen thousand cells were replated on 96-well plates pre-coated with 1% BSA, collagen I, or collagen II (10 μg/ml) for 50 min. The plates were washed, then attached cells were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet. After overnight treatment with 0.5% Triton-X100, optical density of the plates was read at 595 nm.
Mouse tumorigenicity and metastasis
All animal experiments were done in accordance with a protocol approved by the MSKCC Institutional Animal Care and Use Committee. MXF8000 cells (2 million, suspended in PBS and Matrigel at 1:1) were injected subcutaneously into female NSG mice (age 6-8 weeks). Drug treatments started when tumors reached approximately 100 mm 3 . Mice (6 per group) were treated by oral gavage 5 days per week with the following: 1) vehicle; 2) EHop-016, 15 mg/kg; 3) EHop-016, 20 mg/kg; 4) INK128, 1 mg/kg; 5) EHop-016, 15 mg/kg plus INK128, 1 mg/kg. EHop doses were given twice a day and INK128 once a day. The solvent was 1.2% acetic acid in PBS for EHop-016, and 5% 1-methyl-2-pyrrolidinone, 15% polyvinylpyrrolidone in water for INK128. Tumor volumes were measures by caliper twice a week. For lung colonization experiments, 2 million MXF8000 cells transduced with TGL vector were injected in the tail vein of female NSG mice (age 6-8 weeks). Mice were monitored by bioluminescence imaging (IVIS). Four weeks after injection, mice were grouped into five cohorts (8 mice each) with similar signal intensity and subjected to the same treatments as in the subcutaneous tumor experiment.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
Significance
Identifying the molecular pathogenesis for myxofibrosarcoma progression has proven challenging given the highly complex genomic alterations in this tumor type. We found that integrin-α10 promotes tumor cell survival through activation of TRIO-RAC-RICTOR-mTOR signaling, and that inhibitors of RAC and mTOR have anti-tumor effects in vivo, thus identifying a potential treatment strategy for patients with high-risk myxofibrosarcoma. Unsupervised clustering and genes associated with survival of patients with myxofibrosarcoma. A, Unsupervised clustering of U133A microarray data for 64 untreated primary high-grade myxofibrosarcoma samples. The clustering results are based on consensus clustering, and the distance measure reflects co-clustering frequency. B, KaplanMeier curves comparing disease-specific survival (DSS) of Cluster 1 vs. Cluster 2. C, The genes whose probes were most significantly associated with DSS among the cluster signature gene probes. The hazard ratio (HR) represents the HR per unit increase in expression value when expression is treated as a continuous variable. D, Venn diagram showing overlap between gene probes that were differentially expressed between Cluster 1 and 2 and gene probes whose expression was independently associated with DSS. In total, 22,215 probes were analyzed. E, Kaplan-Meier curves comparing DSS (top) distantrecurrence-free survival (bottom) of patients with low vs. high ITGA10 mRNA levels measured by quantitative PCR. F, Pathway modules identified by NetBox analysis of the 146 genes that were both in the cluster signature and associated with DSS. Fifty-four of the genes (circles) were found in the background protein-protein interaction network, and they could be interconnected through an extracted set of 48 "linker" genes (squares) that were statistically enriched for interactions with the input genes. Modules with five or more members were color-coded and annotated based on enrichment analysis using the DAVID tool. The remaining genes are colored gray. G, Levels of ITGA10 mRNA from primary and metastatic tumors. The values shown are relative to the value in ASCs. Left, matched samples from 5 patients; right, all samples analyzed (including the matched samples). Characteristics of the patients are shown in Supplementary Table S7. Integrin-α10 is required for cell growth and activation of AKT and RAC/PAK in myxofibrosarcoma cells but not mesenchymal stem cells. To knock down integrin-α10, we infected adipose-derived mesenchymal stem cells (ASCs) or tumor-derived myxofibrosarcoma cell lines with lentivirus encoding either of two shRNAs against integrin-α10 (a10-sh1 and a10-sh2) or scramble shRNA (sh-cont.). A, Proliferation of myxofibrosarcoma cells lines and normal cells after integrin-α10 knockdown. Equal numbers of cells were plated on day 4 or day 5 after lentivirus infection, and cell viabilities were quantified at the indicated time points. The plots show fold change (mean ± SD; n=6) relative to the day of plating. Error bars in these and other graphs indicate standard deviation. B, C, Apoptosis after integrin-α10 knockdown. Apoptosis was assessed by the percentage of annexin(+) cells in triplicate cultures (B) or by immunoblot to detect cleaved caspase-3 (C). D, Effect of integrin-α10 knockdown on signaling proteins. Total protein from integrin-α10-knockdown cells or control cells (after 8-10 days of infection) was subjected to immunoblotting with the indicated antibodies. E, Effect of integrin-α10 knockdown on collagen II adhesion-dependent signaling. MXF8000 cells with either control or integrin-α10 shRNA were detached, resuspended in serum-free medium, and either kept in suspension or replated onto collagen II-coated dishes for the indicated times. Total lysates were subjected to immunoblotting with the indicated antibodies. F, Effect of integrin-α10 knockdown on RAC activation. In lysates of MXF8000 and MXF8500 cells with integrin-α10 shRNA or control shRNA, GTP-RAC was detected by pulldown using GST-RBD, followed by immunoblotting. The same lysates were also immunoblotted with antibody against total RAC and phospho-PAK. In this and other figures, asterisks indicate statistical significance by Student's t-test: *, P<0.05; **, P<0.01; ***, P<0.001. TRIO and RAC1 are essential for cell growth and survival for myxofibrosarcoma but not ASCs. A-D: Knockdown of TRIO in ASCs, MXF8000, and MXF8500. Cells were infected with lentivirus carrying shRNA against TRIO; controls were lentivirus carrying control shRNA (sh-cont.) or uninfected cells (no shRNA). A. Cell proliferation after TRIO knockdown. At 6 days after infection, equal numbers of cells were plated, then cell viability was quantified 48 and 96 hours later. The plots show fold changes relative to the control shRNA. B, C, Apoptosis after TRIO knockdown. Uninfected control cells, shRNA control or TRIO knockdown cells at infection day 10 were assessed for apoptosis by quantifying the annexin-V-positive percentage (B) or by immunoblotting with anti-cleaved caspase-3 (C). D. Effect of TRIO knockdown on signaling proteins. Cells treated as described above were subjected to immunoblotting with indicated antibodies. E-H: Knockdown of RAC1 in myxofibrosarcoma cells (MXF8000, MXF8500) and ASCs. E, Effect of knockdown on levels of RAC1 and phospho-PAK, detected by immunoblotting. F, Cell proliferation after RAC1 knockdown. Equal numbers of cells with scramble control shRNA (sh-cont.) or RAC1 shRNA were plated 7 days after lentivirus infection, then cell viabilities were quantified at the indicated times. The plots show fold change relative to the day of plating. G, H, Apoptosis after RAC1 knockdown. Uninfected cells and cells with control shRNA or RAC1-knockdown shRNA at infection day 12 were assessed for apoptosis by quantifying RICTOR is essential for cell growth, survival, and activation of AKT and PAK in myxofibrosarcoma cells, but not ASCs. ASCs, MXF8000, or MXF8500 cells were infected with lentivirus carrying control shRNA (sh-cont.) or one of 3 shRNAs against RICTOR. A, Effect of RICTOR knockdown on cell proliferation. Equal numbers of cells were plated 7 days after lentivirus infection, then cell viability was determined at the indicated time points. The plots show fold changes relative to the control shRNA. B, C, RICTOR knockdown or control cells were assessed for apoptosis by detecting annexin-positive cells (B), or immunoblotting with antibody for cleaved caspase-3 or cleaved PARP (C). D, Effect of RICTOR knockdown on signaling proteins. Uninfected cells or cells with control or RICTOR shRNAs were subjected to immunoblotting 10 days after infection. E, F, Effect of SIN1 knockdown on apoptosis. MXF8000 cells infected with lentivirus carrying control shRNA (sh-cont.) or one of 2 shRNAs against SIN1 were assessed for apoptosis by detecting annexin-positive cells (E) or immunoblotting with anti-cleaved PARP (F). 
